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Serotonin Promotes Go-Dependent Neuronal
Migration in Caenorhabditis elegans
motility and guidance of axon growth cones, the mecha-
nisms underlying the guidance of migratory neurons are
less well understood.
Katie S. Kindt,2 Tobey Tam,2 Shaleah Whiteman,
and William R. Schafer1
Division of Biological Sciences
University of California, San Diego One way to obtain information about the process of
neuronal migration is by using a genetically tractableLa Jolla, California 92093-0349
animal such as the nematode Caenorhabditis elegans.
C. elegans has a simple, well-characterized nervous sys-
tem consisting of 302 identified neurons, and it is ex-Summary
tremely amenable to classical and molecular genetic
studies [10]. Moreover, because individual migratingBackground: The directed migration of neurons during
development requires attractive and repulsive cues that cells can be specifically labeled in transgenic animals
expressing green fluorescent protein under the controlcontrol the direction of migration as well as permissive
cues that potentiate cell motility and responsiveness to of a cell-type-specific promoter, it is straightforward to
assay cell migration in wild-type and mutant animals inguidance molecules.
Results: Here, we show that the neurotransmitter sero- vivo.
A number of C. elegans neurons and neuroblasts un-tonin functions as a permissive signal for embryonic and
postembryonic neuronal migration in the nematode C. dergo directed migration in embryogenesis or during
larval development. Among the best studied of theseelegans. In serotonin-deficient mutants, the migrations
of the ALM, BDU, SDQR, and AVM neurons were often are the Q neuroblasts and their descendents (Figure 1)
[11]. QL and QR are bilateral homologs found, respec-foreshortened or misdirected, indicating a serotonin re-
quirement for normal migration. Moreover, exogenous tively, in the left and right midbody region in the C.
elegans L1 larva. During the first larval molt, QR migratesserotonin could restore motility to AVM neurons in sero-
tonin-deficient mutants as well as induce AVM-like mi- from the midbody to the anterior body region. During
this anterior migration, QR undergoes cell divisions thatgrations in the normally nonmotile neuron PVM; this
indicates that serotonin was functioning as a permissive give rise to the neuroblast QR.pa, which in turn divides
to produce AVM, a mechanosensory cell, and thecue to enable neuronal motility. The migration defects of
serotonin-deficient mutants were mimicked by ablations interneuron SDQR. AVM then migrates ventrally and
projects an axon into the ventral nerve cord, while SDQRof serotonergic neuroendocrine cells, implicating hu-
moral release of serotonin in these processes. Mutants migrates dorsally and projects an axon into the dorsal
sublateral nerve. In contrast, QL migrates in a posteriordefective in Gq and Go signaling, or in N-type voltage-
gated calcium channels, showed migration phenotypes direction toward the tail. After undergoing a pattern of
cell divisions identical to that of QR, the QL.pa neuro-similar to serotonin-deficient mutants, and these mole-
cules appeared to genetically function downstream of blast divides to produce the touch neuron PVM and
the interneuron SDQL; however, unlike their right-sideserotonin in the control of neuronal migration.
Conclusions: Thus, serotonin is important for promot- homologs, these neurons do not migrate from their birth-
place on the lateral midline [12].ing directed neuronal migration in the developing C.
elegans nervous system. We hypothesize that serotonin Many genes have been identified whose products are
important for guidance of the Q cells and/or their de-may promote cell motility through G protein-dependent
modulation of voltage-gated calcium channels in the scendents. Many of these genes affect the migrations
of the neuroblasts (i.e., QR/L, QR/L.p, and QR/L.pa) thatmigrating cell.
undergo long anterior- or posterior-directed migrations
before dividing to generate neurons [13–17]. A secondIntroduction
set of genes, including the netrin guidance molecule
unc-6 and its receptors unc-5 and unc-40, control theThe regulation and guidance of cell movement is critical
for normal development of the nervous system. In partic- migration and axonal guidance of one QR descendant
in particular, SDQR [18]. Mutations in these genes leadular, the outgrowth and navigation of axonal growth
to a ventral displacement of the SDQR cell body andcones and the motility and direction of migrating neu-
cause the SDQR axon to project into the ventral nerverons depend on spatially and temporally regulated guid-
cord rather than the dorsal sublateral nerve. Finally, aance molecules [1, 2]. In some cases, these molecules
third group of genes, including the calcium channelsfunction as positional cues for guiding the direction of
unc-2 [19] and egl-19 [20], and the CaMII kinase unc-cell movement; examples include the netrin, semapho-
43 [21], affect the migration of the AVM and SDQR cellrin, and slit/robo families of diffusible ligands [3–6]. In
bodies. Although mutations in egl-19 affect guidance ofother cases, such as with laminin and NCAMs, mole-
the AVM axon as well as its cell body, mutations in unc-2cules can serve as permissive cues that promote motility
and unc-43 lead to specific defects in cell migration. Inper se or potentiate a response to positional cues [7–9].
each of these mutants, the ventral migration of AVMAlthough recently a great deal of progress has been
frequently does not occur or is misdirected, suggestingmade in understanding the mechanisms controlling the
that calcium influx in the migrating AVM neuron pro-
motes cell motility and/or response to guidance cues1Correspondence: wschafer@ucsd.edu
2 These authors contributed equally to this work. [22]. However, the signals that might control such a
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Figure 1. Neuronal Migrations in Wild-Type C. elegans
(A) Embryonic migrations. ALML/R and BDUL/R are generated by mitotic divisions of the AB.arppaapp and AB.arpppapp neuroblasts in the
embryonic head. In each case, during late embryogenesis, the anterior daughter (ALM) undergoes a long posterior and dorsal migration, while
the posterior daughter (BDU) undergoes a shorter posterior migration.
(B) QR and QL lineages. During the L1/L2 molt, QR migrates anteriorly, undergoing two divisions to generate the QR.pa neuroblast. QR.pa
divides to produce AVM, a touch neuron, and SDQR, an interneuron. In contrast, QL migrates posteriorly, undergoing divisions that produce
the QL.pa neuroblast. QL.pa divides to produce PVM, a touch neuron, and SDQL, an interneuron.
(C) Postembryonic migrations of the Q descendant neurons. After AVM and SDQR arise from division of QR.pa, SDQR migrates dorsally and
anteriorly and projects an axon into the sublateral nerve. AVM migrates ventrally and projects an axon into the ventral nerve cord. QL.pa
produces PVM and SDQL, whose cell bodies do not undergo any further migrations.
calcium influx in the developing neuron have not been bryonic touch receptor neuron AVM and its sister cell
SDQR in serotonin-deficient mutants. Specifically, theidentified.
In this study, we demonstrate that the neurotransmit- final positions of the AVM and SDQR cell bodies were
determined in mutants carrying a loss-of-function muta-ter serotonin promotes directed migration of several
migrating neurons, including AVM and SDQR. We also tion in one of four genes: tph-1 [23] (which encodes
show that exogenous serotonin can induce migration in tryptophan hydroxylase), cat-4, bas-1 [24] (genes re-
the PVM neurons that normally do not migrate, indicat- quired for AA-decarboxylase activity), or cat-1 [25]
ing that serotonin is a permissive signal that can trigger (which encodes the vesicular monoamine transporter).
cell motility. Finally, we present evidence that seroto- Previous studies had shown that serotonin levels are
nin’s effect on neuronal migration is mediated through significantly reduced in bas-1 mutants and undetectable
a signaling pathway involving the trimeric G proteins Go in tph-1 and cat-4 mutants [23, 24], while cat-1 mutants
and Gq and the voltage-gated calcium channel UNC-2. produce serotonin but fail to transport it to neuronal
processes [25]. We observed that mutations in all four
genes caused defects in the proper positioning of AVMResults and Discussion
and SDQR (Figure 2, Table 2). Specifically, although AVM
and SDQR adopted final positions in the animal’s ante-Serotonin-Deficient Mutants Exhibit
rior body region, they were frequently found at positionsPostembryonic Cell Migration Defects
that were dorsal, posterior, or even anterior to their wild-To determine whether serotonin affected neuronal mi-
gration, we first assayed the positioning of the postem- type locations. Interestingly, a dopamine-deficient mu-
Figure 2. Migration Defects of Serotonin-
Deficient Mutants
The final positions of SDQR, AVM, BDU, and
ALM in tph-1 mutants are summarized. Left
is anterior; top is dorsal. Wild-type positions
are depicted by darkened circles; lightly
shaded circles indicate positions observed
after defective migration. The arrows indicate
the normal path of migration in wild-type ani-
mals, and the percentages indicate the frac-




were often found anterior to their normal positions inTable 1. Migration Phenotypes of L1 Larvae with Serotonergic
both tph-1 and cat-4 mutants (Table 2). To determineNeurons Ablated
whether serotonin affected the guidance of these cells’
Neurons Ablated, n  20 AVM SDQR
axons, we generated tph-1 mutant strains carrying either
Mock ablated 0% 0% a mec-4::GFP transgene (which labels the ALM neurons)
NSMs 20%a 25% or a slt-1::GFP transgene (which labels the BDU neurons)
ADFs 55% 40% [28]. In both cases, the guidance of the labeled neurons’
NSMs and ADFs 30% 35%
axons was normal in the tph-1 mutant background, and
a p  0.02 for AVM in NSM ablations compared to mock ablations. the expression of both marker transgenes was not sig-
p  0.01 for all other ablations. nificantly altered (data not shown). Thus, serotonin ap-
peared to be specifically required to effectively guide
the embryonic migrations of the ALM and BDU cell bod-
tant, cat-2(e1112), defective in tyrosine hydroxylase [26] ies, but not their axons.
showed nearly normal positioning of these neurons (Ta- We also examined the effect of serotonin deficiency
ble 2). Thus, these data suggested that the migrations on a nonneuronal cell migration. During postembryonic
of the AVM and SDQR cell bodies specifically require development, the gonadal distal tip cells undergo com-
serotonin for their proper execution. plex directed migrations that determine the morphology
To investigate whether serotonin affected the migra- and orientation of the mature gonad [29]. We observed
tions of AVM and SDQR (or alternatively the migrations that, in tph-1 deletion mutants, the distal tip cell migra-
of QR.pa and its ancestors), we performed lineage analy- tions were completely normal (75/75 animals tested).
sis on tph-1 mutant animals to determine the paths taken Thus, the effect of serotonin on cell migration may be
by AVM and SDQR when they were mispositioned (Fig- specific for developing neurons.
ure 3). Out of 20 mutant animals lineaged, 10 had mis-
placed AVM or SDQR neurons. In 7 of these animals, only
Involvement of Serotonergic Neuroendocrinethe final migrations of SDQR or AVM were misdirected or
Cells in Neuronal Migrationshortened. In 3 animals, the position of QR.pa at the time
We next wished to identify the source of serotonin thatof division was slightly posterior to its normal position.
facilitates neuronal migration in wild-type animals. OnlyThus, serotonin was required primarily for accurate guid-
a small number of C. elegans neurons express trypto-ance of the SDQR and AVM migrations; although, it also
phan hydroxylase, the essential enzyme for serotoninhad a slight effect on the long migrations of the precursor
biosynthesis; in the embryo and L1 larva, these includeneuroblasts.
the two NSM neurosecretory cells and the two ADFWe also assessed the effect of serotonin on the out-
chemosensory neurons [23]. To determine if either ofgrowth and guidance of the AVM axon. To visualize the
these two cell types might be the source of the serotoninAVM axon in wild-type and mutant animals, we used the
involved in promoting neuronal migration, we performedmec-4::GFP transgene to fluorescently label the AVM
cell-specific laser ablations of these cells immediatelyprocesses and cell body [27]. Since mec-4 encodes a
after hatching and assessed the effect of the ablationtouch neuron-specific degenerin channel, mec-4::GFP
on the postembryonic AVM and SDQR migrations. Weallowed labeling of all touch cell axons as well as pro-
found that ablation of the NSMs alone resulted in avided a marker for touch neuron differentiation. In a
significant (penetrance  20%–25%) migration defecttph-1 mutant background, we observed that mec-
(Table 1). Likewise, ablation of the ADFs alone also4::GFP was expressed normally in AVM, indicating that
caused a significant defect in AVM and SDQR migrationit adopted the cellular identify of a touch neuron. More-
(penetrance  45%–50%). Ablation of all four neuronsover, although many of the tph-1 animals had misplaced
resulted in a migration defect that, while no greater inAVM cell bodies, in all of these animals, the AVM axon
penetrance than that of the ADF singly ablated animals,nevertheless made the proper connection into the ven-
was essentially identical in penetrance to the tph-1 dele-tral cord (data not shown). Thus, serotonin deficiency
tion mutant. Thus, the NSM and ADF neurons togetherappeared to affect guidance of only the cell body, not
appeared sufficient to account for serotonin’s effects onthe axon, of AVM.
neuronal migration during postembryonic development.
Effect of Serotonin on the Migrations
of Embryonic Neurons Exogenous Serotonin Restores Directed
Cell MigrationIn addition to the postembryonically migrating neurons
AVM and SDQR, several other neurons undergo directed Since endogenous serotonin appeared to be important
for promoting motility in migrating neurons, we reasonedmigrations during embryogenesis. For example, ALM
and BDU are bilaterally symmetric sister neurons that that application of exogenous serotonin might rescue
the migration defects of serotonin-deficient mutants.are generated in the head region of the embryo. During
late embryogenesis, the BDU neurons migrate a short Since the egg shell surrounding the embryo is not sero-
tonin permeable, we assayed whether exogenous sero-distance to lateral positions just posterior to the head,
while the ALM neurons migrate a longer distance to tonin added to the growth medium could rescue the
postembryonic migration defects in AVM and SDQR.dorsal and more posterior positions (Figure 1). To deter-
mine whether serotonin affected the guidance of these We observed that exogenous serotonin indeed rescued
the AVM and SDQR cell body positioning defects ofmigrations, we assayed the final positions of ALM and
BDU in tph-1, cat-1, bas-1, and cat-4 mutant animals. tph-1, cat-1, cat-4, and bas-1 mutant animals (Figure 4),
supporting the hypothesis that serotonin can potentiateWe observed that the cell bodies of both ALM and BDU
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Figure 3. Analysis of AVM and SDQR Cell Lineages in tph-1 Mutants
Representative cell lineages seen in 20 tph-1 mutant animals are shown. The position of QR.pa at the time it divided to produce SDQR and
AVM is indicated by the gray box. The positions to which SDQR and AVM migrated are indicated by asterisks.
directed migration of these neurons. Interestingly, exog- may function as a permissive signal that can promote
AVM and PVM motility.enous serotonin also often induced PVM, the normally
sessile left-side homolog of AVM, to migrate in wild-
type animals (Figure 4). PVM’s site of birth is relatively GOA-1 Functions Downstream of Serotonin
in Guiding Neuronal Migrationdistant from the location of the NSM and ADF neurons,
and it is therefore probably exposed to lower levels of What signaling molecules mediate serotonin’s influence
on neuronal migration? Most serotonin receptors areendogenous serotonin than AVM during normal devel-
opment. Thus, the ability of exogenous serotonin to pro- coupled to G protein-mediated signaling pathways;
thus, we reasoned that serotonin’s effects on neuronalmote ectopic PVM migration suggests that serotonin
Current Biology
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Figure 4. Effect of Exogenous Serotonin on
AVM and PVM Migration
(A) Rescue of AVM migration defects by exog-
enous serotonin. Serotonin-deficient animals
were allowed to develop on exogenous sero-
tonin (7.5 mM 5-HT) to test whether seroto-
nin could rescue the migration defects of
SDQR and AVM. The numbers of animals
tested (no drug/on serotonin) were: tph-1, n
100/n 50; cat-4, n 100/n 50; bas-1, n
86/n 60; cat-1, n 50/n 50; cat-2, n 50/
n  100. An asterisk indicates a statistically
significant difference between treated and
untreated animals.
(B–D) Effect of exogenous serotonin on the
positioning of PVM. Representative images of
wild-type animals expressing pmec-4::GFP in
the (B) absence or (C and D) presence of ex-
ogenous serotonin are shown. In all images,
right is posterior and top is dorsal. The posi-
tions of PVD, PDE, and SDQL (and the normal
position of PVM) as determined by Nomarski
optics are circled.
(E) Frequency of serotonin-induced misposi-
tioning of PVM. The normal position of PVM
within the postdereid is indicated in bold. The
percentage of animals with PVM found at
other positions is indicated. A total of 66 ani-
mals were tested.
migration might require the activity of one or more G way. To further examine this possibility, we analyzed
the cell migration phenotypes of tph-1; goa-1 doubleproteins. The C. elegans genome contains 20 genes
encoding distinct G protein  subunits; viable loss- or mutants. In a double mutant carrying loss-of-function
mutations in both tph-1 and goa-1, we observed that,reduction-of-function alleles have been identified for 17
of these [30, 31]. Among these strains, mutants carrying in these animals, the migration defects (assayed with
respect to AVM, SDQR, and BDU) showed the sameloss-of-function mutations in the Go homolog goa-1 and
the Gq homolog egl-30 displayed the most penetrant penetrance as in the tph-1 single mutant (Table 3), im-
plying that GOA-1 affected the same aspect of the AVM/(approximately 30% for AVM) misplacement phenotypes
(Figure 5). The effects of goa-1 and egl-30, like serotonin, SDQR/BDU migration process as serotonin.
In principle, GOA-1 could mediate either serotoninwere specific to cell body migration, since the AVM axon
entered the ventral cord in the correct location in mutant release or serotonin response during neuronal migra-
tion. To distinguish between these possibilities, we ana-animals even when the cell body from which the axon
originated was misplaced (data not shown). Interest- lyzed a double mutant carrying a tph-1 deletion and a
goa-1 gain-of-function allele. In this double mutant, weingly, whereas a gain-of function allele of egl-30 caused
significant misplacement of all four neurons, a goa-1 observed a substantially lower penetrance of AVM,
SDQR, and BDU misplacement than in the tph-1 singlegain-of-function allele showed no misplacement pheno-
type for AVM, SDQR, or BDU (Table 2). Thus, Go, like mutant. Thus, the dominant, constitutively activating
goa-1 mutation suppressed the cell migration pheno-serotonin, appeared to play a permissive rather than an
instructive role in the migrations of these three neurons. types of the tph-1 deletion mutant, implying that Go
functioned downstream of serotonin in promoting di-Together, these data suggested that serotonin’s ef-
fect on AVM, SDQR, and BDU cell migration might be rected migration of these neurons. We also found that
exogenous serotonin failed to rescue the migration de-mediated by a Go-dependent signal transduction path-
Serotonin Directs Neuronal Migration in C. elegans
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Figure 5. Misplacement Phenotypes of goa-1, egl-30, and unc-2 Mutant Animals
(A) The positions adopted by ALM, BDU, AVM, and SDQR in egl-30(n686), goa-1(n1134), and unc-2(mu74) mutant animals are summarized
(n 100 for egl-30; n  200 for unc-2 and goa-1). Left is anterior; up is dorsal. Wild-type positions are indicated by darkened circles. Arrows
represent embryonic migrations to wild-type position for ALM and BDU, and migration from the final division of QR.pa into wild-type positions
of AVM and SDQR.
(B) AVM and SDQR migration defects are not rescued by exogenous serotonin in goa-1(n1134) and unc-2(mu74) mutants. Mutant animals
were allowed to develop on exogenous serotonin (7.5 mM 5-HT). The numbers of animals tested (no drug/on serotonin) were: goa-1(n1134),
n  200/n  100; unc-2(mu74), n  200/n  100.
fect of a goa-1 loss-of-function mutant, as would be migration defect of a goa-1 recessive mutant. For these
experiments, we chose the egl-46 promoter, which waspredicted if serotonin functioned upstream of goa-1
(Figure 5). These results suggested that serotonin might reported to direct expression in a small set of neurons
that includes the developing AVM and SDQR neuronsinduce neuronal migration through activation of Go sig-
naling pathways in the migrating cell. [32]. We generated transgenic lines expressing an egl-
46 reporter construct (see the Experimental Procedures)To further test this possibility, we examined whether
expression of active GOA-1 in the migrating neurons and observed reliable expression of the transgene in
the developing AVM and SDQR neurons; in contrast,under a cell-type-specific promoter could rescue the
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mutations in unc-2 and either goa-1 or tph-1. When weTable 2. Penetrance of Migration Defects in Serotonin-Deficient
analyzed tph-1(mg280); unc-2(mu74) and goa-1(n1134);and G Protein Mutants
unc-2(mu74) double mutants, we found that the pene-
Percentage of Misplaced Neurons
trance of the migration defects in the double mutants
was comparable to their penetrance in the single mu-Strain Genotype AVM SDQR ALM BDU n
tants (Table 3). These results therefore suggested that allN2 0% 0% 0% 0% 200
three genes functioned in the same pathway to promotetph-1(mg280) 43% 23% 40% 50% 200
directed cell migration.cat-4(e1141) 31% 15% 34% 24% 100
bas-1(ad446) 30% 12% 13% 16% 100 To assess whether unc-2 functioned upstream or
cat-1(e1111) 27% 12% 17% 6% 100 downstream of goa-1 with respect to neuronal migra-
cat-2(e1112) 6% 10% 6% 4% 50 tion, we also analyzed the phenotype of a double mutant
egl-30(n686) 30% 26% 25% 49% 100
carrying a goa-1 gain-of-function allele and an unc-2egl-30(sy676dm) 33% 30% 22% 12% 100
null allele. We observed that the unc-2 mutation wasgoa-1(n1134lf) 32% 27% 19% 24% 200
largely epistatic to goa-1: the migration defects in thegoa-1(syIs9dm) 0% 0% 37% 0% 150
egl-8(md1971) 20% 14% 29% 10% 85 double mutant were equally penetrant to those of the
dgk-1(nu62) 24% 30% 49% 1% 75 unc-2 single mutant for BDU and SDQR, and they were
comparably penetrant for AVM. Furthermore, we also
observed that the migration defects of the unc-2 mutant
were not rescued by exogenous serotonin, suggestingexpression of the transgene was never observed in NSM
that the migration defects of unc-2 mutant animals areor ADF. Thus, if GOA-1 functioned within the migrating
not a result of a deficiency in serotonin release (Figure 5).neurons, an egl-46::goa-1(dm) transgene might be ex-
Taken together, our results suggest that unc-2 functionspected to rescue the AVM/SDQR migration defects of
downstream of serotonin and Go in the control of AVM,a goa-1(n1134) mutant. In fact, we found that this was
SDQR, and BDU migration.so; out of 29 independent F1 animals transformed with
the transgene, AVM was misplaced in only 2 and SDQR
was misplaced in only 3 (Table 3). Thus, these results Conclusions
We have shown here that serotonin is an important regu-support the hypothesis that GOA-1 acts within the mi-
grating neurons to promote directed motility and pro- lator of both embryonic and postembryonic neuronal
migrations in the nematode C. elegans. In serotonin-vided additional evidence that GOA-1 is involved in sero-
tonin response rather than serotonin release. deficient animals, the migrating neurons ALM, BDU,
AVM, and SDQR were frequently mispositioned as a
result of shortened or misdirected migrations. Not onlyThe UNC-2 Calcium Channel May Function
Downstream of Serotonin and Go could exogenous serotonin rescue these migration de-
fects, it could also induce PVM, a normally nonmotileThe neuronal migration phenotypes of tph-1, egl-30, and
goa-1 loss-of-function mutants were quite similar to homolog of AVM, to undergo ventral and/or anterior
migration. In developing embryos and first-stage larvae,those previously observed for the calcium channel gene
unc-2 (Figure 5). For example, mutations in all four genes serotonin is present exclusively in neurons and neurose-
cretory cells located in the head. Thus, serotonin maycaused similarly penetrant AVM, SDQR, ALM, and BDU
migration defects, and all four genes specifically af- normally serve as a permissive cue that confers motility
and/or responsiveness to localized guidance moleculesfected the migrations of the neuronal cell bodies but
not their axons. It therefore seemed plausible that goa-1 on migrating neurons in the anterior of the animal.
The migration defects of serotonin-deficient mutantsand serotonin might participate in the same pathway as
unc-2 in promoting neuronal migration. To investigate were phenocopied by ablation of the NSM and ADF
neurons; thus, the serotonin that promotes neuronal mi-this possibility, we constructed double mutants carrying
Table 3. Double Mutant Analysis of tph-1, goa-1, and unc-2 Migration Phenotypes
Percentage of Misplaced Neurons
Strain Genotype AVM SDQR ALM BDU n
goa-1(n1134lf) 32% 27% 19% 24% 200
goa-1(n1134lf) pegl-46::goa-1(Q205L) transgenea 7%a 10%b 20% 24% 29c
goa-1(sy1s9dm) 0% 0% 37% 0% 150
tph-1(md280) 43% 23% 40% 50% 200
unc-2(mu74) 34% 23% 41% 16% 200
goa1(n1134lf); unc-2(mu74) 36% 29% 42% 29% 200
tph-1(md280); unc-2(mu74) 38% 34% 33% 29% 200
goa-1(e1134lf); tph-1(mg280) 45% 49% 42% 29% 100
tph-1(md280); goa1(syIs9dm) 10% 10% 39% 6% 200
unc-2(mu74); goa-1(syIs9dm) 21% 21% 25% 17% 200
Statistically different from untransformed; a p  0.001, b p  0.02.
c n  29 for AVM and SDQR, n  51 for ALM and BDU.
Serotonin Directs Neuronal Migration in C. elegans
1745
Experimental Proceduresgration during development is most likely released from
these cells. Neither the NSMs, which are pharyngeal
Strains and General Methodsneurons, nor the ADFs, which are sensory neurons with
Strains were grown and assayed at room temperature (22C) unless
an axonal projection in the nerve ring, are in direct physi- stated otherwise. Animals were grown on standard nematode
cal proximity with the migrating AVM or SDQR neurons. growth media (NGM) with Escherichia coli strain OP50 as a food
source. For drug experiments, 5-hydroxytryptamine (creatine sulfateThe morphology of the NSMs clearly suggests a neuro-
complex, Sigma) was added to NGM at 7.5 mM. The mutant strainsendocrine function for these neurons. Although the
used in this study are: goa-1(n1134)I, egl-30(n686)I, egl-ADFs have a standard sensory neuron morphology, they
30(sy676dm)I, syIs9[goa-1(Q205L)dm]I, tph-1(mg280)II, cat-express tryptophan hydroxylase at very high levels, and
2(e1112)II, bas-1(ad446)III, cat-4(e1141)V, unc-2(mu74)X, and cat-
their ablation phenotype was even more penetrant than 1(e1111)X. The egl-30(dm) and goa-1(dm) strains were kind gifts
it was for the NSMs. Thus, it is reasonable to conclude from Carol Bastiani and Jane Mendel in the Sternberg lab. The egl-
30 dominant allele contains two egl-30 mutations, (md186) and anthat both the NSMs and ADFs promote neuronal migra-
intragenic revertant allele causing an amino acid change of R334tion during postembryonic development by releasing
to W. The GFP strain used in the ablations analysis, pha-1(e2123ts);serotonin as a neurohormone.
him-5(e1490) [pha-1() tph-1:GFP], was provided by Rene Garcia.A wide range of evidence has implicated serotonin in
zdIs4[pmec-4::GFP], a kind gift from the Driscoll Lab, carries a tran-
the control of neuronal migration in the brain in other scriptional fusion of the mec-4 promoter to GFP.
organisms. For example, serotonin has been shown to
regulate the embryonic migration of cranial neural crest Microscopy
Nematodes were mounted on 2% agarose pads with 40 mM NaN3cells in mice [33] and has been implicated through di-
for anesthesia. The positions of AVM, SDQR, ALM, and BDU wereetary serotonin depletion experiments in promoting cer-
determined by using Nomarski optics at the end of L1 and early L2ebellar granule cell migration [34]. It has also been found
stage. At this stage, the hypodermal V cells have divided once and
that pharmacologically induced serotonin depletion are stationary markers that can be used to score the position of the
leads to smaller whisker barrels in rats [35], whereas a neuron cell bodies. The positions of AVM and ALM axons were
mono-amine oxidase knockout mouse with excessive visualized by fluorescence microscopy in L4 worms carrying the
mec-4::GFP array.synaptic serotonin displays a lack of cortical barrel pat-
terns [36]. Serotonin has also been shown to regulate
Treatment with Exogenous Serotoninthe morphology and cell movements of chick neuroepi-
To assay the effect of serotonin on postembryonic migrations, newlythelial cells during neural tube closure [37, 38]. Together,
hatched first stage larvae (L1s) were transferred to serotonin plates
these studies indicate that serotonin’s role in brain de- and grown to the second (L2) or fourth (L4) larval stage. The position
velopment is widespread and broadly conserved, al- of PVM was scored in L4 animals with GFP fluorescence from the
mec-4::GFP array. The positions of SDQL, PVD, and PDE werethough the molecular mechanisms underlying these de-
scored at the same stage with Nomarski optics. AVM and SDQRvelopmental functions in vertebrates are largely unknown.
were scored in L2 with Nomarski optics.Genetic evidence presented here suggests that, in C.
elegans, serotonin functions together with the G pro-
Construction of Double Mutants
teins GOA-1 and EGL-30 and the calcium channel The zdIs4[pmec-4::GFP] integrated array was crossed into the tph-
UNC-2 to promote neuronal migration. Epistasis analy- 1(mg280), goa-1(n1134), egl-30(n686), and goa-1(syI9dm) genetic
sis specifically suggested that the Go homolog GOA-1 backgrounds by using standard methods. Double mutants con-
taining the tph-1(mg280) allele along with a mutation in goa-1, egl-is a serotonin effector in migrating neurons and that the
30, or unc-2 were constructed by first crossing the single mutantsN-type calcium channel homolog UNC-2 is a target for
and then identifying animals homozygous for goa-1, egl-30, or unc-2this signaling pathway. Previous studies have defined
in the F2 generation based on their visible uncoordinated pheno-
a complex Go/Gq-dependent signaling network that reg- types. Homozygosity for tph-1 was then confirmed by PCR analysis
ulates synaptic transmission through the second mes- of the F3 self-progeny of these animals. Double mutants containing
senger signaling [39–44]. Since mutants defective in var- the unc-2(mu74) allele and a mutation in goa-1 or egl-30 were con-
structed by crossing the single mutants and identifying goa-1 or egl-ious components of this Go/Gq network also affected
30 homozygotes in the F2 generation. These animals were picked toneuronal migration, the same signal transduction com-
individual plates, and animals exhibiting the stronger Unc phenotypeponents that regulate synaptic vesicle fusion in mature
characteristic of unc-2 homozygotes were identified from the F3
neurons may also play a role in controlling cell motility self-progeny of these animals. The presence of both mutations in
during development. The nature of the Go/Gq pathway’s all double mutants was subsequently verified by mating the putative
putative effect on UNC-2 calcium channel function is not double mutant with wild-type and by confirming the presence of
both single mutant phenotypes in the F2 generation.known. In vertebrates, Go has been shown to negatively
regulate voltage-gated calcium channel activity [45–47].
Analysis of the QR.pa Cell LineageThus, one possible hypothesis to explain the migration
Animals were staged by isolating larvae that hatched within a 30-defects of tph-1 and goa-1 loss-of-function mutants is
min time window. These staged larvae were then grown for 7–8 hr
that loss of Go signaling leads to unregulated or inappro- at 20C. Worms were then mounted on 2% agarose pads and ob-
priately active calcium transients in the migrating cells. served for 3–4 hr under Nomarski optics.
Alternatively, 5-HT might be required to activate calcium
Ablations of Serotonergic Neuronsinflux for motility in the migrating cells. In the future, it
Laser ablations were performed on newly hatched L1 animals bymay be possible to test this hypothesis directly by using
using a standard protocol [49]. Neurons were identified for ablationrecently developed methods for in vivo calcium imaging
by using a tph-1::GFP marker, which is restricted mainly to the ADF[48]. These results may provide important general in-
and NSM neurons at the L1 stage. After the ablation, worms were
sight into the mechanisms through which serotonin and allowed to recover until they reached the L2 larval stage, during
other G protein-coupled neuromodulators regulate neu- which the final positions of AVM and SDQR were scored. Individuals
in which GFP was still visible in the target neuron after the ablationronal migration during development.
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were excluded from the analysis. Mock-ablated animals were ani- sion molecule (NCAM)-mediated cell adhesion and neurite out-
growth. J. Neurosci. Res. 57, 207–218.mals transferred to agar pads and anesthetized in parallel to the
animals that underwent laser ablation. The ablated animals showed 10. Chalfie, M., and White, J. (1988). The nervous system. In The
Nematodode Caenorhabditis elegans, W.B. Wood, ed. (Colda statistically significant increase in misplaced neurons relative to
mock-treated animals (p  0.02 for AVM in NSM-ablated compared Spring Harbor, NY: Cold Spring Harbor Laboratory Press), pp.
337–392.to mock-ablated animals, p  0.01 for all other ablations).
11. Sulston, J.E., and Horvitz, H.R. (1977). Post-embryonic cell lin-
eages of the nematode, Caenorhabditis elegans. Dev. Biol. 56,goa-1 Transgenic Rescue
110–156.A 3-kb egl-46 genomic fragment containing the first eight amino
12. White, J.G., Southgate, E., Thomson, J.N., and Brenner, S.acids of EGL-46 was fused to goa-1 genomic DNA containing the
(1986). The structure of the nervous system of the nematodeactivating gain-of-function mutation, syIs9[goa-1(Q205L)] [32, 50],
Caenorabditis elegans. Philos. Trans. R. Soc. Lond. B Biol. Sci.and to the fluorescent GFP derivative YC2.3 [51]. This fragment has
314, 1–340.been reported to direct expression of GFP in the following neurons
13. Clark, S.G., Chisholm, A.D., and Horvitz, H . (1993). Control ofduring the L1 and L2 larval stages: the developing neurons of the
cell fates in the central body region of C. elegans by the homeo-Q lineages (AVM, SDQR, PVM, and SDQL); up to 10 neurons in the
box gene lin-39. Cell 74, 43–55.head, including the FLPs but not the NSMs or ADFs; the HSNs; and
14. Salser, S.J., and Kenyon, C. (1992). Activation of a C. elegans11 ventral cord motorneurons [32]. A transgenic line expressing the
Antennapedia homologue in migrating cells controls their direc-egl-46::YC2.3 transgene (AQ743; genotype: lin-15(n765; ljEx19[egl-
tion of migration. Nature 355, 255–258.46::YC2.3; lin-15()]) was confirmed to reliably express fluorescent
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cluster patterns the anteroposterior body axis of C. elegans.purified and coinjected with the myo-2:YC2.1 construct [48]. F1 L2
Cell 74, 29–42.larvae with glowing pharynxes were scored for migration defects.
16. Zipkin, I.D., Kindt, R.M., and Kenyon, C. (1997). Role of a newMosaic animals (detected by partial expression of the GFP marker
Rho family member in cell migration and axon guidance in C.in the pharynx and pharyngeal nervous system) were not included
elegans. Cell 90, 883–894.in the analysis. The number of mispositioned AVM and SDQR neu-
17. Sym, M., Robinson, N., and Kenyon, C. (1999). MIG-13 positionsrons in animals expressing the pegl-46::goa-1(Q205L) transgene
migrating cells along the anteroposterior body axis of C. ele-was significantly different from uninjected animals according to the
gans. Cell 98, 25–36.z test (p  0.001 for AVM, p  0.02 for SDQR).
18. Kim, S., Ren, X.C., Fox, E., and Wadsworth, W.G. (1999). SDQR
migrations in Caenorhabditis elegans are controlled by multipleAcknowledgments
guidance cues and changing responses to netrin UNC-6. Devel-
opment 126, 3881–3890.We would like to thank Rene Garcia, Carol Bastiani, Jane Mendel,
19. Schafer, W.R., and Kenyon, C.J. (1995). A calcium-channel ho-Ji Ying Sze, Cynthia Kenyon, and the Caenorhabditis Genetics Cen-
mologue required for adaptation to dopamine and serotonin inter for strains; members of our lab for discussions; and Rex Kerr,
Caenorhabditis elegans. Nature 375, 73–78.Massimo Hilliard, and Christian Frøkjær-Jensen for comments on
20. Lee, R.Y., Lobel, L., Hengartner, M., Horvitz, H.R., and Avery,the manuscript. This work was supported by grants from the Na-
L. (1997). Mutations in the alpha1 subunit of an L-type voltage-tional Institutes of Health (DA12891) and the Human Frontiers Sci-
activated Ca2 channel cause myotonia in Caenorhabditis ele-ence Program (to W.R.S.) and a training grant from the National
gans. EMBO J. 16, 6066–6076.Institutes of Health (to K.S.K.).
21. Reiner, D.J., Newton, E.M., Tian, H., and Thomas, J.H. (1999).
Diverse behavioural defects caused by mutations in Caenorhab-
Received: May 30, 2002 ditis elegans unc-43 CaM kinase II. Nature 402, 199–203.
Revised: August 22, 2002 22. Tam, T., Mathews, E., Snutch, T.P., and Schafer, W.R. (2000).
Accepted: August 23, 2002 Voltage-gated calcium channels direct neuronal migration in
Published: October 15, 2002 Caenorhabditis elegans. Dev. Biol. 226, 104–117.
23. Sze, J.Y., Victor, M., Loer, C., Shi, Y., and Ruvkun, G. (2000).
References Food and metabolic signalling defects in a Caenorhabditis ele-
gans serotonin-synthesis mutant. Nature 403, 560–564.
1. Nakamoto, M., Cheng, H.J., Friedman, G.C., McLaughlin, T., 24. Loer, C.M., and Kenyon, C.J. (1993). Serotonin-deficient mu-
Hansen, M.J., Yoon, C.H., O’Leary, D.D., and Flanagan, J.G. tants and male mating behavior in the nematode Caenorhabditis
(1996). Topographically specific effects of ELF-1 on retinal axon elegans. J. Neurosci. 13, 5407–5417.
guidance in vitro and retinal axon mapping in vivo. Cell 86, 25. Duerr, J.S., Frisby, D.L., Gaskin, J., Duke, A., Asermely, K., Hud-
755–766. dleston, D., Eiden, L.E., and Rand, J.B. (1999). The cat-1 gene
2. Landmesser, L., and Swain, S. (1992). Temporal and spatial of Caenorhabditis elegans encodes a vesicular monoamine
modulation of a cytoskeletal antigen during peripheral axonal transporter required for specific monoamine-dependent behav-
pathfinding. Neuron 8, 291–305. iors. J. Neurosci. 19, 72–84.
3. Kennedy, T.E. (2000). Cellular mechanisms of netrin function: 26. Lints, R., and Emmons, S.W. (1999). Patterning of dopaminergic
long-range and short-range actions. Biochem. Cell Biol. 78, neurotransmitter identity among Caenorhabditis elegans ray
569–575. sensory neurons by a TGF-beta family signaling pathway and
4. Van Vactor, D.V., and Lorenz, L.J. (1999). Neural development: a Hox gene. Development 126, 5819–5831.
the semantics of axon guidance. Curr. Biol. 9, 201–204. 27. Xu, K., Tavernarakis, N., and Driscoll, M. (2001). Necrotic cell
5. Guthrie, S. (1999). Axon guidance: starting and stopping with death in C. elegans requires the function of calreticulin and
slit. Curr. Biol. 9, 432–435. regulators of Ca(2) release from the endoplasmic reticulum.
6. Fu, S.Y., Sharma, K., Luo, Y., Raper, J.A., and Frank, E. (2000). Neuron 31, 957–971.
SEMA3A regulates developing sensory projections in the 28. Hao, J.C., Yu, T.W., Fujisawa, K., Culotti, J.G., Gengyo-Ando,
chicken spinal cord. J. Neurobiol. 45, 227–236. K., Mitani, S., Moulder, G., Barstead, R., Tessier-Lavigne, M.,
7. Perris, R., and Perissinotto, D. (2000). Role of the extracellular and Bargmann, C.I. (2001). C. elegans slit acts in midline, dorsal-
matrix during neural crest cell migration. Mech. Dev. 95, 3–21. ventral, and anterior-posterior guidance via the SAX-3/Robo
8. Bonner, J., and O’Connor, T.P. (2001). The permissive cue lami- receptor. Neuron 32, 25–38.
nin is essential for growth cone turning in vivo. J. Neurosci. 15, 29. Kimble, J., and Hirsh, D. (1979). The postembryonic cell lineages
9782–9791. of the hermaphrodite and male gonads in Caenorhabditis ele-
9. Skladchikova, G., Ronn, L.C., Berezin, V., and Bock, E. (1999). gans. Dev. Biol. 70, 396–417.
30. Jansen, G., Thijssen, K.L., Werner, P., van der Horst. M,, Hazen-Extracellular adenosine triphosphate affects neural cell adhe-
Serotonin Directs Neuronal Migration in C. elegans
1747
donk. E., and Plasterk, R.H. (1999). The complete family of genes based on green fluorescent proteins and calmodulin. Nature
388, 882–887.encoding G proteins of Caenorhabditis elegans. Nat. Genet. 21,
414–419.
31. Lochrie, M.A., Mendel, J.E., Sternberg, P.W., and Simon, M.I.
(1991). Homologous and unique G protein alpha subunits in the
nematode Caenorhabditis elegans. Cell Regul. 2, 135–154.
32. Wu, J., Duggan, A., and Chalfie, M. (2001). Inhibition of touch
cell fate by egl-44 and egl-46 in C. elegans. Genes Dev. 15,
789–802.
33. Moiseiwitsch, J.R., and Lauder, J.M. (1995). Serotonin regulates
mouse cranial neural crest migration. Proc. Natl. Acad. Sci. USA
92, 7182–7186.
34. Del Angel-Meza, A.R., Ramirez-Cortes, L., Olvera-Cortes, E.,
Perez-Vega, M.I., and Gonzalez-Burgos, I. (2001). A tryptophan-
deficient corn-based diet induces plastic responses in cerebel-
lar cortex cells of rat offspring. Int. J. Dev. Neurosci. 19, 447–453.
35. Bennett-Clarke, C.A., Leslie, M.J., Lane, R.D., and Rhoades,
R.W. (1994). Effect of serotonin depletion on vibrissa-related
patterns of thalamic afferents in the rat’s somatosensory cortex.
J. Neurosci. 14, 7594–7607.
36. Cases, O., Vitalis, T., Seif, I., De Maeyer, E., Sotelo, C., and
Gaspar, P. (1996). Lack of barrels in the somatosensory cortex
of monoamine oxidase A-deficient mice: role of a serotonin
excess during the critical period. Neuron 16, 297–307.
37. Emanuelsson, H., Carlberg, M., and Lowkvist, B. (1988). Pres-
ence of serotonin in early chick embryos. Cell Differ. 24,
191–199.
38. Lauder, J.M., Wallace, J.A., and Krebs, H. (1981). Roles for sero-
tonin in neuroembryogenesis. Adv. Exp. Med. Biol. 133,
477–506.
39. Robatzek, M., and Thomas, J.H. (2000). Calcium/calmodulin-
dependent protein kinase II regulates Caenorhabditis elegans
locomotion in concert with a G(o)/G(q) signaling network. Genet-
ics 156, 1069–1082.
40. Brundage, L., Avery, L., Katz, A., Kim, U.J., Mendel, J.E., Stern-
berg, P.W., and Simon, M.I. (1996). Mutations in a C. elegans
Gqalpha gene disrupt movement, egg laying, and viability. Neu-
ron 16, 999–1009.
41. Segalat, L., Elkes, D.A., and Kaplan, J.M. (1995). Modulation of
serotonin-controlled behaviors by Go in Caenorhabditis ele-
gans. Science 267, 1648–1651.
42. Mendel, J.E., Korswagen, H.C., Liu, K.S., Hajdu-Cronin, Y.M.,
Simon, M.I., Plasterk, R.H., and Sternberg, P.W. (1995). Partici-
pation of the protein Go in multiple aspects of behavior in C.
elegans. Science 267, 1652–1655.
43. Miller, K.G., Emerson, M.D., and Rand, J.B. (1999). Goalpha and
diacylglycerol kinase negatively regulate the Gqalpha pathway
in C. elegans. Neuron 24, 323–333.
44. Robatzek, M., Niacaris, T., Steger, K., Avery, L., and Thomas,
J.H. (2001). eat-11 encodes GPB-2, a Gbeta(5) ortholog that
interacts with G(o)alpha and G(q)alpha to regulate C. elegans
behavior. Curr. Biol. 11, 288–293.
45. Oh, S.B., Endoh, T., Simen, A.A., Ren, D., and Miller, R.J. (2002).
Regulation of calcium currents by chemokines and their recep-
tors. J. Neuroimmunol. 123, 66–75.
46. Scott, R.H., and Dolphin, A.C. (1989). G-protein regulation of
neuronal voltage-activated calcium currents. Gen. Pharmacol.
20, 715–720.
47. Kinoshita, M., Nukada, T., Asano, T., Mori, Y., Akaike, A., Satoh,
M., and Kaneko, S. (2001). Binding of G alpha(o) N terminus is
responsible for the voltage-resistant inhibition of alpha(1A)
(P/Q-type, Ca(v)2.1) Ca(2) channels. J. Biol. Chem. 276, 28731–
28738.
48. Kerr, R., Lev-Ram, V., Baird, G., Vincent, P., Tsien, R.Y., and
Schafer, W.R. (2000). Optical imaging of calcium transients in
neurons and pharyngeal muscle of C. elegans. Neuron 26,
583–594.
49. Bargmann, C., and Avery, L. (1995). Laser killing of cells in
Caenorhabditis elegans. Methods Cell Biol. 48, 225–250.
50. Hobert, O. (2002). PCR fusion-based approach to create re-
porter gene constructs for expression analysis in transgenic C.
elegans. Biotechniques 32, 728–730.
51. Miyawaki, A., Llopis, J., Heim, R., McCaffery, J.M., Adams, J.A.,
Ikura, M., and Tsien, R.Y. (1997). Fluorescent indicators for Ca2
